Sex chromosome evolution is usually seen as a process that, once initiated, will inevitably progress toward an advanced stage of degeneration of the nonrecombining chromosome. However, despite evidence that avian sex chromosome evolution was initiated >100 Ma, ratite birds have been trapped in an arrested stage of sex chromosome divergence. We performed RNA sequencing of several tissues from male and female ostriches and assembled the transcriptome de novo. A total of 315 Z-linked genes fell into two categories: those that have equal expression level in the two sexes (for which Z-W recombination still occurs) and those that have a 2-fold excess of male expression (for which Z-W recombination has ceased). We suggest that failure to evolve dosage compensation has constrained sex chromosome divergence in this basal avian lineage. Our results indicate that dosage compensation is a prerequisite for, not only a consequence of, sex chromosome evolution.
The requirement of fine-tuned regulation of gene expression levels imposes severe constraint on gene dose. Chromosomal abnormalities such as monosomies and trisomies are typically lethal or deleterious, and large deletions causing hemizygosity of single genes can have strong negative impact on fitness (haploinsufficiency) (Hassold and Hunt 2001; Nagaoka et al. 2012) . Diverging sex chromosomes are therefore faced with the dilemma of maintaining a balance in gene expression levels between interacting sex-linked and autosomal genes (Ohno 1967) . Following cessation of recombination between the X-and the Y-chromosomes (or between the Z-and the W-chromosomes in female heterogametic organisms), and the subsequent degeneration of genes on the Y-chromosome, the dose of X-linked genes in males is only half of what it once was and still is in females. To compensate for this change in gene dose, the evolutionary pressure for adjusting expression levels should be strong. Sex chromosome dosage compensation is well documented in a wide variety of organisms and can evolve rapidly after recombination suppression (Muyle et al. 2012) . The molecular mechanisms for how this is achieved vary, reflecting convergent solutions to a common evolutionary problem (Straub and Becker 2007) . In mammals, the discovery of X-chromosome inactivation initially brought focus on the equalization of expression levels of sex-linked genes in males and females. However, this ignored the aspect of maintaining the ancestral relationships between expression levels of autosomal and sex-linked genes (Ohno 1967) . Recently, empirical evidence from mammals, flies, and nematodes for upregulation of the active X-chromosome in both sexes has led to a model in which equalization of sex-linked and autosomal expression in males drove the evolution of dosage compensation and that gene silencing in females evolved as a secondary response (Deng et al. 2011; He et al. 2011; Kharchenko et al. 2011; Lin et al. 2011; Pessia et al. 2012 ). However, this inference is a matter of debate, and comparisons of expression levels of mammalian and outgroup orthologs suggest in fact that there has been no overall upregulation of X-linked expression during the evolution of placental mammals (Julien et al. 2012; Lin et al. 2012) .
Sex chromosome evolution is usually seen as a process that, once initiated, will inevitably progress toward an advanced stage of degeneration of the nonrecombining chromosome, leading to a largely heteromorphic chromosome pair. Ratite birds (including ostrich and its allies and representing the most basal clade of contemporary birds) constitute a rare example where diverging sex chromosomes have been trapped in a stage of arrest where recombination still occurs over most of the Z-and W-chromosomes (Ogawa et al. 1998 ) (supplementary figs. S1 and S2, Supplementary Material online), despite evidence that avian sex chromosome evolution was initiated before the split of ratites from other birds more than 120 Ma. Because Z-W differentiation is far-gone in other avian lineages (Nam and Ellegren 2008) , this cannot be explained by some inherent characteristic of the ancestral chromosome pair from which Z and W were derived.
It has recently been shown that dosage compensation in birds is far from complete (Ellegren et al. 2007; Itoh et al. 2007 Itoh et al. , 2010 Wolf and Bryk 2011) ; in chicken, mean expression level of Z-linked genes is $1.5 times higher in males (ZZ) than in females (ZW), with significant variation in sex bias among genes (Ellegren et al. 2007; Itoh et al. 2007; Mank et al. 2008; Mank and Ellegren 2009 ). Could it be that the absence of a chromosome-wide mechanism for dosage compensation in Open Access birds coupled with a failure to compensate the expression level of critical genes in ratites has hindered sex chromosome differentiation in this primitive clade of birds? More generally, does dosage compensation, or rather the absence thereof, impose a constraint to sex chromosome evolution?
To address this issue, and given that there have been no previous large-scale studies of dosage compensation in ratites, we performed RNA sequencing of brain and liver from pools of male and female ostriches and assembled the transcriptome de novo. Contigs were mapped to the chicken reference set of genes, which led to the identification of 7,314 1:1 ostrich orthologs. Chromosome painting has revealed that the avian Z-chromosome is syntenic across all investigated bird species, including ratites (Shetty et al. 1999; Nishida-Umehara et al. 2007) , and this is also supported by available evidence from sequenced avian genomes (Warren et al. 2010) . Physical mapping of individual genes further corroborates Z-chromosome conservation between ostrich and chicken (nine genes have been mapped to the ostrich Z-chromosome; Ogawa et al. 1998; Nishida-Umehara et al. 2007 ), albeit with intrachromosomal rearrangements (supplementary fig. S2 , Supplementary Material online). A total of 315 of the genes identified as ostrich orthologs to chicken genes map to the chicken Z-chromosome, and in the following, we consider these Z-linked also in ostrich.
The male-to-female expression ratio of Z-linked genes in ostriches showed a bimodal distribution with peaks corresponding to an equal ratio between sexes (log 2 $ 0) and a 2-fold excess of male expression (log 2 $ 1) ( fig . Four clusters, containing 222 genes, had a median male-to-female expression ratio of log 2 = 0.005 in brain and log 2 = 0.106 in liver. Another four clusters, together containing 93 genes had a median ratio of log 2 = 0.931 in brain and log 2 = 1.028 in liver.
The fact that large part of the ostrich Z-chromosome still recombine with the W-chromosome (Pigozzi and Solari 1997) implies that females have two copies of many Z-linked genes but only a single copy of others. In light of the observed bimodality in the extent of sex-biased gene expression, we hypothesized that the nonrandom distribution of sex bias in gene expression along the chromosome can be explained by that clusters of genes with no sex bias correspond to regions that do recombine (two gene copies in females, i.e., equal gene dose in the two sexes), whereas clusters of genes with a 2-fold excess of male expression correspond to regions that do not recombine (one gene copy in females, i.e., double gene dose in males). If correct, this would mean that, overall, nonrecombining Z-chromosome genes in ostrich are not dosage compensated. It should be noted that there is only one recombining and one nonrecombining region on ratite Z-chromosomes (Pigozzi and Solari 1999) , as is the general pattern for diverging sex chromosomes. However, because we plotted genes according to their position on the chicken Z-chromosome and because several chromosomal rearrangements (inversions) have occurred since the split of ostrich and chicken lineages ), we would not expect to see all recombining genes forming one cluster and all nonrecombining genes another. It could be noted that a similar pattern with alternating clusters of genes with 2-fold excess of male expression and genes with equal expression levels in the two sexes is seen when the data are plotted according to the physical position of genes on a songbird Z-chromosome (Ellegren et al. 2012) , showing that our results cannot be explained by an assembly artifact in chicken (supplementary fig. S4, Supplementary Material online) . 
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Our transcriptome sequencing provided expression data for four of the nine genes mapped to the ostrich Z-chromosome, three from the recombining region (ATP5A1, GHR, and ZOV3) and one from the nonrecombining region (ACO1). If our hypothesis that there is no dosage compensation on the ostrich Z-chromosome was correct, we would expect genes from the former category to show no sex difference in expression, whereas genes from the latter category would show 2-fold higher expression in males than in females. In all four cases, the observed male-to-female expression ratio fulfilled the predictions from our hypothesis. Specifically, the three recombining genes (expected ratio close to log 2 = 0) had ratios of À0.299, 0.023, and 0.142, respectively, whereas the nonrecombining gene (expected ratio close to log 2 = 1) had a ratio of 1.070.
Although genes on nonrecombining sex chromosomes typically tend to degenerate and become lost, at least some genes that have ceased to recombine between Z and W could still have an active and paralogous (gametologous) copy on the W chromosome, as is the case in other birds. Such genes, if they exist in ostrich, would be expected to occur in the clusters with 2-fold excess of male expression. We stringently searched for female-specific alleles and indeed found evidence for W-linked alleles in 12 of 105 genes (11.2%) in the regions with male-biased expression. In contrast, there were only 1 of 223 genes (0.04%) showing signs of W-linkage in the clusters with equal levels of male and female expression (Fisher exact test, P = 0.000007).
To test the hypothesis that sex-biased gene expression correlates with gene dose, we assessed the degree of polymorphism of Z-linked genes. For genes with only one copy in females, data from female pools should contain fewer polymorphic sites than male pools. Moreover, genes with only one copy in females should contain fewer polymorphic sites than genes in female pools with two copies. By classifying genes according to which type of male-to-female expression rate ratio cluster they reside in, both predictions are fulfilled. There were a total of 229 single-nucleotide polymorphisms (SNPs) in male pools for genes from clusters with a 2-fold excess of male expression, compared with 174 segregating sites for the same set of genes in female pools (Wilcoxon's rank test, P = 0.0077). For genes from clusters with equal expression in males and females, there was no such difference (630 vs. 641; P = 0.85). Moreover, for female pools, there were on average 3.54 SNPs per gene from clusters with no sex bias in gene expression, compared with 2.35 SNPs per gene from clusters with 2-fold excess of male expression (Mann-Whitney U test, P = 0.0038). The corresponding numbers in male pools were 3.48 and 3.09, respectively (P = 0.556). We thus conclude that our data are compatible with a scenario in which gene dose is directly manifested in the expression level of sex-linked genes, that is, that there is no dosage compensation.
Absolute expression level of Z-linked genes in males did not differ significantly from the level of autosomal expression in males, either for genes from Z-chromosome clusters with a 2-fold excess of male expression (Mann-Whitney U test, P = 0.190) or for genes from clusters with equal expression in male and females (P = 0.364) (supplementary fig. S5,   Supplementary Material online) . Similarly, absolute expression level in females of Z-linked genes from clusters with equal expression in male and females did not differ significantly from the level of autosomal expression in females (P = 0.346). In contrast, median absolute expression level in females of genes from clusters with a 2-fold excess of male expression was only 64% of median autosomal expression (P = 0.002). These observations are consistent with a reduction in female gene expression levels for those Z-linked genes that have ceased to recombine.
Nonratite birds are hemizygous for the majority of all Z-linked genes. The intermediate nature of sex bias in expression of these genes in chicken and other species (i.e., with a mean male-to-female ratio of $1.5) has been interpreted as indicating that although there is no chromosome-wide mechanism like sex chromosome inactivation, some compensation occurs on demands as per gene-by-gene basis (Mank and Ellegren 2009; Itoh et al. 2010) . Alternatively, incomplete dosage compensation may potentially be the result of accumulation of male-beneficial genes on the avian Z-chromosome (Ellegren 2011) in which case male-biased expression reflects the resolution of past sexual antagonism (Naurin et al. 2010) . Comparison of expression levels in ostrich and chicken orthologs sheds further light on these issues. Assuming that the expression levels of Z-linked genes that still recombine in ostrich represent the ancestral state, we find that expression level of the majority of these genes have evolved from a state of no sex bias to a state of male-biased expression following sex chromosome divergence in the chicken lineage ( fig. 2A ). This suggests that Z-chromosome genes by their nature are not generally male beneficial, at least not ancestrally. Moreover, for most Z-linked genes that we infer as not recombining in ostrich, the sex bias in gene expression is less pronounced in chicken than in ostrich ( fig. 2B ). This supports the notion that some compensation of sex-linked gene expression has evolved in the chicken lineage.
Similar to Julien et al. (2012) and Lin et al. (2012) , we also compared expression of sex-linked ostrich genes with their orthologs in the human genome (levels of gene expression are generally conserved across divergent vertebrates [Brawand et al. 2011 ], which we confirm for the ostrich-human comparison: R 2 = 0.31, P < 0.001). Avian sex chromosomes evolved from a different pair of autosomes than the mammalian X-and Y-chromosomes (Fridolfsson et al. 1998) . Genes that are sex linked in birds are thus autosomal in mammals and vice versa. Human expression data from orthologs to avian sex-linked genes can therefore be taken as an indication of ancestral gene expression levels before avian sex chromosome divergence. We found that genes from clusters with a 2-fold excess of male expression in ostrich are not male biased in human (median male:female ratio, log 2 = À0.028). Similarly, genes from clusters with equal expression level in the two sexes in ostrich are not male biased in human (log 2 = À0.298). These observations corroborate conclusions from the ostrich-chicken comparison.
Our observations raise the interesting possibility that the lack of dosage compensation in ostriches is instrumental rather than coincidental to the arrested stage of sex 808 Adolfsson and Ellegren . doi:10.1093/molbev/mst009 MBE chromosome evolution. We thus hypothesize that if there is no regulatory mechanism available to compensate the halved dose of sex-linked genes in the hemizygous sex, sex chromosome evolution will be heavily constrained. Under this scenario, mutations (e.g., structural rearrangements) that reduce recombination between partly differentiated sex chromosomes should be highly deleterious. However, a caveat behind this reasoning is that gene dose may not be directly affected by, for example, an inversion event. Perhaps, there are fitness effects immediately associated with rearrangements, for example, due to impaired cis-regulatory functions. However, some differentiation between the Z-and W-chromosomes have obviously occurred, and the limited sex chromosome divergence seen in ratites may in this sense represent what is tolerable in the absence of dosage compensation. Indeed, dosage compensation should only be expected to evolve in genes for which the maintenance of ancestral expression level is vital for proper interaction with other genes.
Because the mechanistic basis for the partial dosage compensation seen in other birds is not known, it is difficult to speculate about what could have hindered ratites for >100 My to develop compensatory mechanisms to deal with differences in sex-linked gene dose. Whatever is the cause, we note that the evolutionary resistance to dosage compensation in ratite birds is in stark contrast to rapid de novo evolution of dosage compensation seen in evolutionarily young sex chromosome systems (Muyle et al. 2012) and to the rapid adjustment of expression levels following neoX formation via autosome-X-chromosome fusions (Marin et al. 1996) .
Materials and Methods
Materials and methods are presented as supplementary information, Supplementary Material online.
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